Glucocorticoids enhance the expression of the basolateral Na+:HCO3- cotransporter in renal proximal tubules  by Ali, Raza et al.
Kidney International, Vol. 57 (2000), pp. 1063–1071
ION CHANNELS – MEMBRANE TRANSPORT – INTEGRATIVE PHYSIOLOGY
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Glucocorticoids enhance the expression of the basolateral (NHE-3) and H1-ATPase on the apical membrane and
Na1:HCO32 cotransporter in renal proximal tubules. the Na1:HCO32 cotransporter (NBC) on the basolateral
Background. Studies have shown that glucocorticoids en- membrane act in coordination to reabsorb the filteredhance HCO32 reabsorption in proximal tubules. Functional HCO32 [3–5]. Alterations in proximal tubular (PT) acidi-and molecular studies indicate that HCO32 reabsorption in
fication in pathologic states should ultimately result fromproximal tubules is mediated via luminal H1-ATPase and
Na1/H1 exchanger (NHE-3), and basolateral Na1:HCO32 co- changes in the activity of the above apical and basolateral
transporter (NBC) acting in series. The purpose of these experi- acid-base transporters. Indeed, the luminal NHE-3 and
ments was to examine the effect of adrenal steroids on NBC-1 the basolateral NBC show coordinated regulation in aand NHE-3 expression and activity in rat renal proximal tu-
number of pathophysiologic states [6–10].bules.
Excess glucocorticoid is associated with increased acidMethods. Rats were injected subcutaneously with dexa-
methasone (100 m/day) or deoxycorticosterone acetate (30 secretion and enhanced HCO32 reabsorption in the renal
mg/kg), potent glucocorticoid, or mineralocorticoid analogues, tubules [11]. Functional studies in brush border mem-
respectively. Animals were sacrificed after two or four days, brane vesicles from kidney cortex have indicated thatand NBC-1 and NHE-3 mRNA expression and activities were
the activity of the luminal Na1/H1 exchanger is increasedmeasured in cortex and proximal tubules.
in rats treated with dexamethasone [11–13]. NorthernResults. Northern hybridizations indicated that cortical
NBC-1 mRNA expression increased by approximately 92% in hybridization studies have demonstrated that glucocorti-
rats treated with dexamethasone for four days (N 5 6, P , coids enhance the expression of the luminal Na1/H1
0.03) but not two days. NHE-3 mRNA expression remained exchanger NHE-3 [14].unchanged. NBC and NHE-3 activities were measured as the
Molecular regulation of NHE-3 has been examinedNa-dependent pHi recovery from an acid load in the presence
and correlated with its functional activity in animalsor absence of HCO32, respectively, and appropriate inhibitors
in proximal tubule suspensions loaded with BCECF. NBC ac- treated with glucocorticoid excess. A recent report indi-
tivity increased by approximately 80% in rats treated with cated functional up-regulation of Na1:HCO32 cotrans-
dexamethasone for four days (P , 0.01, N 5 5) but not two porter by glucocorticoids in cultured proximal tubuledays. NHE-3 activity increased by 34 and 42% in rats treated
cells from rabbit [15]. Possible adaptive molecularwith dexamethasone for two and four days, respectively (P ,
changes of renal Na1:HCO32 cotransporter in response0.05 and P , 0.02 for each group vs. control). Treatment with
deoxycorticosterone acetate did not alter NBC-1 expression. to glucocorticoids, however, remain unclear. The baso-
Conclusion. Glucocorticoids at pharmacologic concentra- lateral Na1:HCO32 cotransporter cDNA was recently
tions enhance the mRNA expression and functional activity cloned from human, amphibian, and rat kidney [16–20].of renal proximal tubule NBC-1. Enhanced NBC and NHE-3
A spliced variant of NBC-1 is expressed in pancreas [21].activities could result in increased HCO32 reabsorption in prox-
Under normal conditions, the expression of NBC-1 inimal tubule and could contribute to the maintenance of meta-
bolic alkalosis in pathophysiologic states associated with in- the rat kidney is limited to the proximal tubule [18–20].
creased glucocorticoid production. The purpose of these studies was to examine possible
functional and molecular adaptive regulation of the
A majority of HCO32 reabsorption in the kidney oc- basolateral Na1:HCO32 cotransporter NBC-1 and the
curs in the proximal tubule [1, 2]. The Na1/H1 antiporter luminal Na1/H1 exchanger NHE-3 in rats treated with
glucocorticoids. Both physiologic and pharmacologic
concentrations of glucocorticoids have been used to ex-Key words: acid-base, glucocorticoids, HCO32 reabsorption, transport-
ers, Na1/H1 antiporter. amine the regulation of NHE-3 and NBC in cultured
cells as well as in mammalian kidneys [11–15]. For theseReceived for publication December 4, 1998
studies, pharmacologic concentrations of glucocorticoidsand in revised form September 21, 1999
Accepted for publication October 11, 1999 were employed, in accordance with the majority of stud-
ies in animals [11–14].Ó 2000 by the International Society of Nephrology
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Table 1. Composition of experimental solutionsMETHODS
A B CAnimal models
NaCl 115 95 —Male Sprague-Dawley rats (100 to 125 g body wt) were
KCl 3 3 3
injected with dexamethasone (100 mg day) or deoxycorti- K2HPO4 0.8 0.8 0.8
KH2PO4 0.2 0.2 0.2costerone acetate (DOCA; 30 mg/kg). Animals were
CaCl2 1 1 1housed two per cage and had free access to food and MgCl2 1 1 1
Hepes 10 10 10water. Rats were treated with dexamethasone and killed
Choline-HCO3 25 25 25after two or four days in order to study the time course
NH4Cl — 20 —of the effect of dexamethasone on renal NBC-1 and TMA-Cl — — 115
NHE-3 expression and activities. Rats that were treated Concentrations are in mmol/L. Solutions were bubbled with 5% CO2, 95%
O2 and the pH was adjusted to 7.40 with Tris(hydroxymethyl)aminomethane.with DOCA were killed after four days of treatment.
Kidneys were dissected into cortex and medulla. For
Northern hybridization, tissues were snap frozen in liq-
uid nitrogen and stored at 2808C for subsequent use. For solution (solution A; Table 1) before use for pHi mea-
functional studies, cortices were processed for proximal surement.
tubule preparation on the day of sacrifice.
Intracellular pH measurements
RNA isolation and Northern hybridization Intracellular pH in tubule suspensions was measured
Total cellular RNA was extracted from kidney cortex with the use of BCECF as described [23, 24]. In brief,
using Tri Reagent (Molecular Research Inc., Cincinnati, aliquots of BCECF-loaded tubules were diluted into
OH, USA), quantitated spectrophotometrically, and glass cuvettes containing 2 mL of the experimental me-
dium, and BCECF fluorescence was monitored with thestored in Formazol (Molecular Research Inc.) at 2808C.
use of a Delta Scan dual excitation spectrofluorometerTotal RNA samples (30 mg/lane) were fractionated on
(Photon Technology International, Brunswick, NJ, USA)a 1.2% agarose-formaldehyde gel, transferred to Magna
that was equipped with a water-jacketed, temperature-NT nylon membranes, cross-linked by ultraviolet light,
controlled cuvette holder and magnetic stirrer. Fluores-and baked. Hybridization was performed according to
cence intensity was recorded at an emission wavelengthChurch and Gilbert [22]. The membranes were washed,
of 525 nm and excitation wavelengths of 500 and 450blotted dry, and exposed to a PhosphorImager screen
nm. The fluorescence ratio values (F500/F450) were con-(Molecular Dynamics, Sunnyvale, CA, USA). A 32P-
verted into pHi values with the use of calibration curveslabeled cDNA fragment corresponding to nucleotides
that were established daily by Triton X-100 methods, as509 to 3237 of the mRNA-encoding rat NBC-1 was used
described previously [23, 24].as a specific probe. For NHE-3, a polymerase chain reac-
tion (PCR) fragment corresponding to nucleotides 1883 Measurement of NBC and NHE-3 activities
to 2217 of the rat cDNA was used as a specific probe.
NBC activity in proximal tubule suspensions was de-
termined as the 4,49 diisothiocyanostilbene-2,29-disul-Proximal tubule suspension preparation
fonic acid (DIDS)-sensitive, Na1- and HCO32-depen-The proximal tubule suspension was prepared as pre- dent pHi recovery from intracellular acidosis. NHE-3viously described [9]. Briefly, animals were sacrificed, activity was assayed as the Na1-dependent, HCO32-inde-and the kidneys were removed and bathed in ice-cold pendent pHi recovery from intracellular acidosis that was
Hanks’ solution containing 115 mmol/L NaCl, 3 mmol/L evident in the presence of 60 mmol/L amiloride but was
KCl, 1 mmol/L Na2HPO4, 1 mmol/L KH2PO4, 1 mmol/L inhibited by 2 mmol/L amiloride. Briefly, proximal tu-
MgSO4, 1 mmol/L CaCl2, 10 mmol/L HEPES, which was bule suspensions were acidified by NH41 pulse technique
supplemented with 25 mmol/L Na HCO3 and gassed with (NH41 loading followed by NH41 withdrawal using solu-
95% O22 and 5% CO2, pH 7.40. The cortex was dissected tions B and C; Table 1, respectively). In the absence
and cut into small pieces. Colagenase digestion (0.5 of CO2/HCO32, proximal tubule cells showed a rapid
mg/mL) was performed by subjecting the tissues to five recovery from intracellular acidosis when switched to
cycles of eight-minute treatment periods at 378C in the an Na-containing solution (solution A; Table 1). For
same Hanks’ solution. After each period, the superna- HCO32-free experiments, choline-HCO3 in solutions A,
tant (containing tubule fragments) was collected after B, and C (Table 1) was replaced with tetramethylammo-
one minute of gravity sedimentation and stored on ice. nium-chloride (TMA-Cl). The rate of Na1-dependent
Finally, the suspension was washed twice by centrifuga- pHi recovery from acidosis decreased from 0.97 6 0.04
in the absence of amiloride to 0.61 6 0.03 pH/min in thetion (1 min, 50 g) and resuspended in an Na-containing
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Fig. 1. (A) Na1/H1 exchanger (NHE-3) activity in rat proximal tubules. Proximal tubule suspensions were prepared from renal cortices of rats
and used for NHE-3 activity measurement. NHE-3 activity was measured as the Na-dependent, HCO32-independent, pHi recovery from acidosis
that was inhibited by 2 mmol/L (j) but not 60 mmol/L (d) amiloride. Bafilomycin (50 nmol/L) was present to inhibit H1-ATPase. Experiments
were performed in the absence of HCO32. (B) Na-dependent HCO32 cotransporter (NBC) activity in rat proximal tubules. Proximal tubule
suspensions were prepared from renal cortices of rats and used for NBC activity measurement. NBC activity was measured as the DIDS-sensitive,
Na-dependent, HCO32-mediated pHi recovery from acidosis. Amiloride (2 mmol/L) and bafilomycin (50 nmol/L) were present to inhibit NHE
and H1-ATPase activities. Experiments were performed in the presence of HCO32. Symbols are: (d) no DIDS; (j) 300 mmol/L DIDS.
Table 2. Serum [K1] and [HCO32] in rats with different treatments presence of HCO32, cells showed a significant recovery
from acidosis upon switching to an Na-containing solu-Control Dexamethasone DOCA
tion (solution A; Table 1) that contained 2 mmol/L ami-Serum [K1] 5.260.4 4.860.3 5.160.4
Serum [HCO32] 23.761.1 25.661.1 24.561.7 loride and 50 nmol/L bafilomycin (Fig. 1B). This Na1-
Concentrations are in mEq/L. and HCO32-dependent pHi recovery from acidosis was
significantly blocked in the presence of 100 mmol/L
DIDS (pHi recovery was reduced from 0.365 6 0.027 in
the absence of DIDS to 0.055 6 0.008 pH/min in thepresence of 60 mmol/L amiloride (which blocks NHE-1
presence of DIDS, P , 0.001), consistent withand NHE-2 activities) and decreased to 0.059 6 0.011
Na1:HCO32 cotransport activity (Fig. 1B). Therefore,pH/min in the presence of 2 mmol/L amiloride (which
the NBC activity was defined as the DIDS-sensitive Na1-inhibits all NHE activities). NHE-3 activity was calcu-
and HCO32-dependent pHi recovery from acidosis in thelated as the Na-dependent recovery from intracellular
presence of 2 mmol/L amiloride and 50 nmol/L bafilo-acidosis that was inhibited by 2 mmol/L amiloride but
mycin.not 60 mm amiloride. Bafilomycin (50 nm) abolished
the remaining pHi recovery, indicating the functional Materialspresence of H1-ATPase. Figure 1A demonstrates
32P-dCTP was purchased from New England NuclearNHE-3 activity in proximal tubule cells of normal rats.
(Boston, MA, USA). Nitrocellulose filters and otherAs indicated, increasing the concentration of amiloride
chemicals were purchased from Sigma Chemical Co. (St.to 2 mmol/L blocked the Na-dependent pHi recovery
Louis, MO, USA). RadPrime DNA labeling kit was pur-from acidosis. Bafilomycin (50 nm) was present in all
chased from GIBCO BRL (Grand Island, NY, USA),experiments to block H1-ATPase. To examine the activ-
and BCECF was from Molecular Probes Inc. (Eugene,ity of NBC, the experiments were repeated in the pres-
ence of HCO32 (solutions A, B, and C; Table 1). In the OR, USA).
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Fig. 2. (A, upper panel) Northern hybridization of NBC-1 in the renal cortices of rats treated with dexamethasone (Dex) for four days. RNA
was extracted, resolved on a gel and probed with NBC-1 cDNA. NBC-1 has an apparent molecular weight of approximately 8.0 kb. (Lower panel)
NBC-1 mRNA/28S rRNA ratio in the renal cortex of Dex-treated rats. The individual data points for 28S rRNA (normalized for the first lane
on the left) were 100, 105, 110, 115, 108, and 116%. (B; upper panel) Northern hybridization of NBC-1 in the renal cortices of rats treated with
dexamethasone (Dex) for two days. RNA was extracted, resolved on a gel, and probed with NBC-1 cDNA. (Lower panel) NBC-1 mRNA/28S
rRNA ratio in the renal cortex of Dex-treated rats. The individual data points for 28S rRNA (normalized for the first lane on the left) were 100,
112, 115, 121, 110, and 104%. The experiments in A and B represent three separate rat samples. The results are expressed as mean 6 SD.
Statistics expression was enhanced by 90% in rats treated with
Dex for four days (P , 0.03 vs. control, N 5 3 for eachResults are expressed as means 6 SD. Statistical sig-
group). Figure 2B (upper and lower panels) indicatesnificance between experimental groups was determined
that treatment of rats with glucocorticoids for two daysby Student’s t-test or by analysis of variance (ANOVA).
had no significant effect on NBC-1 mRNA expression
(P . 0.05 vs. control, N 5 3 for each group).
RESULTS The luminal Na1/H1 exchanger NHE-3 shows adap-
tive up-regulation in response to Dex treatment. In theTable 2 shows serum [K1] and [HCO32] in rats with
next series of experiments, the effect of dexamethasonedexamethasone (Dex) or DOCA treatment. Serum [K1]
on the luminal NHE-3 mRNA expression was examined.was not different between the groups (K1 concentration
As shown in Figure 3, NHE-3 mRNA levels in the renalwas 4.8 6 0.3 in Dex-treated rats, 5.1 6 0.4 in DOCA-
cortices of rats treated with Dex for four days remainedtreated, and 5.2 6 0.4 mEq/L in control, N 5 4 for each
unchanged (P . 0.05 vs. control, N 5 3 for each group).group, P . 0.05 between groups). Serum [HCO32] was
Dex for two days also had no significant effect on NHE-3not different between the groups (25.6 6 1.1 in Dex-
mRNA expression (data not shown).treated rats, 24.5 6 1.7 in DOCA-treated, and 23.7 6
To correlate the mRNA expression of NBC-1 with1.1 mEq/L in control, N 5 4 for each group, P . 0.05
its activity, proximal tubule suspensions were preparedbetween groups).
from renal cortices of rats treated with dexamethasoneWe next examined the mRNA expression of NBC-1
and used for NBC activity measurement. NBC activityin the cortex by Northern hybridization. As shown in
Figure 2A (upper and lower panels), NBC-1 mRNA was measured as described in the Methods section. As
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Fig. 3. (A) Northern hybridization of NHE-3 in the renal cortices of
rats treated with dexamethasone for four days. Kidney cortex RNA
from animals treated with dexamethasone (Dex) for four days was
resolved on a gel and probed with NHE-3 cDNA. (B) NHE-3 mRNA/
28S rRNA ratio in the renal cortex of Dex-treated rats. The individual
data points for 28S rRNA (normalized for the first lane on the left)
were 100, 108, 111, 114, 115, and 118%. The results are expressed as
mean 6 SD.
shown in Figure 4A, DIDS-sensitive, Na-dependent
HCO32-mediated pHi recovery from cell acidosis was
significantly enhanced in rats treated with dexametha-
sone for four days, with NBC activity increasing by 83%
(P , 0.01 vs. vehicle treatment, N 5 5). Figure 4B dem-
onstrates that in rats treated with dexamethasone for
Fig. 4. Na-dependent HCO32 cotransport (NBC) activity in proximaltwo days, Na1:HCO32cotransporter activity was not af- tubules of dexamethasone (Dex)-treated rats. Proximal tubule suspen-
fected (P . 0.05 vs. vehicle treatment, N 5 6 for each sions were prepared from renal cortices of rats treated with Dex for
two days (B) or four days (A) and used for NBC activity measurement.group).
As indicated, NBC activity increased after four days but not two daysIn the next series of experiments, the effect of dexa- of Dex treatment. NBC activity at two days was 0.32 6 0.038 in the
methasone on NHE-3 activity in proximal tubule suspen- absence of Dex and increased to 0.38 6 0.048 pH/min in the presence
of Dex (P . 0.05, N 5 6). At four days, NBC activity increased fromsions was measured. NHE-3 activity was measured as
0.35 6 0.042 in the absence of Dex to 0.64 6 0.061 pH/min in the
described in the Methods section. As shown in Figure presence of Dex (P , 0.01, N 5 5).
5A, Na1/H1 exchanger NHE-3 activity was significantly
enhanced in rats treated with dexamethasone for four
days, with NHE-3 activity increasing by 42% (P , 0.02 DISCUSSION
vs. vehicle treatment, N 5 5). Figure 5B demonstrates
The results of these studies demonstrate that dexa-
that NHE-3 activity was enhanced by 35% in rats treated methasone treatment resulted in enhanced expression
with dexamethasone for two days (P , 0.05, N 5 6 for of rat NBC-1 mRNA (Fig. 2). The increase in NBC-1
each group). mRNA was associated with an increase in NBC activity
To examine the specificity of dexamethasone treat- (Fig. 4). In contrast to dexamethasone, DOCA did not
ment on NBC-1 mRNA, kidneys from rats that were cause enhancement of NBC-1 mRNA expression (Fig.
treated with DOCA were used for Northern hybridiza- 6). The mRNA levels for the luminal NHE-3 remained
tion. As shown in Figure 6, NBC-1 mRNA expression unaltered in response to dexamethasone (Fig. 3). NHE-3
did not change in the cortices of rats treated with DOCA activity, however, increased in response to dexametha-
sone (Fig. 5).for four days (P . 0.05 vs. control, N 5 5 for each group).
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Fig. 6. (A) Northern hybridization of NBC-1 in the renal cortex of
DOCA-treated rats. RNA from DOCA-treated animals was resolved
on a gel and probed with NBC-1 cDNA. (B) NBC-1 mRNA/28S rRNA
ratio in the renal cortex of DOCA-treated rats. The individual data
points for 28S rRNA (normalized for the first lane on the left) were
100, 95, 108, and 115%.
Fig. 5. Na1/H 1 exchanger (NHE-3) activity in proximal tubule of dexa-
methasone (Dex)-treated rats. Proximal tubule suspensions were pre-
pared from renal cortices of rats treated with dexamethasone for two exchanger activity and by inference protein abundance
days or four days and used for NHE-3 activity measurement. As indi- [11–14, 28, 29]. Our results (Figs. 2 and 4) indicate that
cated, NHE-3 activity increased after both two days (B) and four days
dexamethasone enhances the expression and activity of(A) of dexamethasone treatment. NHE-3 activity at two days was 0.53 6
0.048 in the absence of dexamethasone and increased to 0.71 6 0.064 the basolateral Na1:HCO32 cotransporter. Coordinated
pH/min in the presence of dexamethasone (P , 0.05, N 5 6). At four up-regulation of NHE-3 (Fig. 5) [11–14] and NBC by
days, NHE-3 activity increased from 0.56 6 0.051 in the absence of
dexamethasone should lead to enhanced HCO32 reab-dexamethasone to 0.79 6 0.064 pH/min in the presence of dexametha-
sone (P , 0.02, N 5 5). sorption in the proximal tubule.
Glucocorticoids enhance luminal Na1/H1 exchanger
(NHE-3) activity and likely protein abundance in rat
kidney. Northern hybridizations demonstrated thatGlucocorticoids affect a variety of renal functions.
NHE-3 mRNA expression remains unchanged in ratsMetabolic alkalosis and potassium depletion are the two
treated with dexamethasone (Fig. 3). Our results confirmmost common acid-base and electrolyte abnormalities
previous studies on the expression of rat NHE-3 mRNAassociated with glucocorticoid excess [25]. These are pre-
levels [28], and suggest that enhanced NHE-3 activitydominantly mediated via the direct effects of glucocorti-
by dexamethasone in rat [11–13] is likely a post-transcrip-coids in the kidney. The receptors for glucocorticoids
tional event. This finding is similar to previous obser-are expressed in the proximal tubule and collecting ducts
vations in rat model of metabolic acidosis, which is[26, 27]. In the proximal tubule, glucocorticoids have
associated with enhanced NHE-3 activity and proteinbeen shown to have a direct effect on the luminal Na1/H1
expression [30, 31] but not mRNA levels [30]. Dexameth-exchanger [11–14]. Adrenalectomy suppresses, whereas
dexamethasone injection up-regulates luminal Na1/H1 asone, however, enhances NHE-3 mRNA levels in rabbit
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confirmed by enhanced mRNA expression of the chan-
nel-ion factor (CHIF) in the kidney; data not shown].
Glucocorticoid excess is associated with potassium
depletion or hypokalemia [24]. This effect is predomi-
nantly thought to be via the “spillover” effect of gluco-
corticoids onto the mineralocorticoid receptors [35], with
resulting enhanced potassium secretion in the cortical
collecting duct [35]. Recent studies from our laboratory
indicate that potassium deprivation is associated with
enhanced NBC-1 mRNA expression and activity (ab-
stract; Amlal et al, J Am Soc Nephrol 9:2A, 1998) [8].
Up-regulation of NBC-1 by potassium deprivation is an
early event and occurs within 72 hours of the initiation
of experiments and before any reduction in serum [K1].
These results strongly suggest that the signal responsible
for the up-regulation of NBC-1 in potassium deprivation
is likely activated by decreased intracellular [K1] rather
than serum [K1]. Whether a mild reduction in the intra-
cellular [K1] by dexamethasone, resulting from en-
hanced excretion of K1, is mediating the stimulatory
effect of dexamethasone on NBC-1 cannot be excluded
with certainty. Several lines of evidence, however, argue
in favor of a direct effect of dexamethasone on NBC-1
expression. First, dexamethasone had no significant ef-
fect on NBC-1 expression in the medulla (data not
shown), whereas potassium deprivation induced NBC-1
mRNA in the medulla of rat kidney (discussed earlier
in this article). Second, potassium deprivation down-reg-
ulated the mRNA expression of water channel AQP-2Fig. 7. (A) Northern hybridization of renal NBC-1 in adrenalectomized
(abstract; Amlal et al, J Am Soc Nephrol 9:15A, 1998),rats treated with dexamethasone. All rats were treated with DOCA for
four days. Half of the animals (N 5 3) in addition received dexametha- whereas dexamethasone treatment enhanced the mRNA
sone for four days. Variable expression of NBC-1 mRNA in the baseline expression of this transporter (data not shown).conditions in Figures 2, 6, and 7 is likely due to the length of exposure
NHE-3 mRNA expression in rats treated with dexa-of corresponding membranes to the Phosphor Screen. (B) NBC-1
mRNA/28S rRNA ratio in the renal cortices of adrenalectomized rats. methasone remained unchanged (Fig. 3). However, stud-
The individual data points for 28S rRNA (normalized for the first lane ies in cultured opossum kidney (OK) cells have indicatedon the left) were 100, 109, 110, 118, 108, and 120%.
that the addition of dexamethasone enhanced the ex-
pression of NHE-3 [14]. NHE-3 activity was up-regulated
in both rat (Fig. 5) and OK cells [14]. Several studies
have demonstrated that NHE-3 mRNA expression in ratkidney [32], suggesting a species difference with respect
kidney remains constant in a number of pathophysiologicto transcriptional regulation of NHE-3 by glucocorti-
states associated with enhanced NHE-3 activity. For ex-coids. It is not known whether a longer administration
ample, rat NHE-3 mRNA remained unchanged in meta-of dexamethasone in the rat (that is, more than 4 days)
bolic acidosis and in response to dexamethasone (Fig.might give results similar to the rabbit.
3) [28, 30]. NHE-3 activity and or protein abundance,Mineralocorticoid receptors are absent in the proximal
however, increased in both conditions (Fig. 3) [11–14,tubule and are exclusively expressed in distal nephron
30]. This is distinct from studies that are performed in
segments [33, 34]. It has been suggested that at supra- cultured OK cells, which show enhanced mRNA expres-
physiologic concentrations, aldosterone agonists can sion of NHE-3 in response to metabolic acidosis or dexa-
bind glucocorticoid receptors [35]. Differential effects of methasone treatment. Similar to OK cells, NHE-3
dexamethasone and DOCA on NBC-1 mRNA expres- mRNA expression in rabbit kidney shows enhancement
sion (Figs. 2 and 6) suggest that at these supraphysiologic in response to glucocorticoids. These results strongly
doses, aldosterone agonists have little effect on NBC-1 suggest that mRNA regulation of NHE-3 by glucocorti-
expression, and consequently, HCO32 reabsorption in coids may be species specific. Nonetheless, in all species
the proximal tubule [that DOCA-treated rats indeed studied, glucocorticoids enhance the Na1/H1 exchanger
NHE-3 activity in the kidney proximal tubule. It is worthwere exposed to high concentrations of the drug was
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nisms, in The Kidney, edited by Brenner BM, Rector FC, Philadel-mentioning that up-regulation of NHE-3 (Fig. 5) by
phia, W.B. Saunders, 1991
dexamethasone preceded the up-regulation of NBC (Fig. 5. Soleimani M, Singh G: Physiologic and molecular aspects of the
Na1/H1 exchangers in health and disease processes. J Invest Med4). Whether the up-regulation of NBC by glucocorticoids
43:419–430, 1995is dependent on the up-regulation of NHE-3 remains
6. Akiba T, Rocco VK, Warnock DG: Parallel adaptation of the
speculative. It is worth mentioning that only pharmaco- rabbit renal cortical sodium/proton antiporter and sodium/bicar-
bonate cotransporter in metabolic acidosis and alkalosis. J Clinlogic concentrations of glucocorticoids were used in these
Invest 80:308–315, 1987studies. Whether more physiologic concentrations of glu-
7. Ruiz OS, Arruda JA, Talor Z: Na-HCO32 cotransport and Na-Hcocorticoids have similar effects on NBC expression re- antiporter in chronic respiratory acidosis and alkalosis. Am J Phys-
iol 256:F414–F420, 1989mains speculative.
8. Soleimani M, Bergman JA, Hosford MA, McKinney TD: Pot-We have examined the effect of dexamethasone on
assium depletion increases Na1:H1 exchange and Na1: HCO31:NBC-1 expression in adrenalectomized rats. Animals HCO32 cotransport in rat renal cortex. J Clin Invest 86:1076–1083,
1990were subjected to adrenalectomy, placed on DOCA, and
9. Soleimani M, Bizal GL, McKinney TD, Hattabauch YJ: Effecteither received dexamethasone or were treated with ve-
of in vitro metabolic acidosis on luminal Na1/H1 exchange and
hicle for four days. The results of NBC-1 Northern hy- basolateral Na1:HCO32 cotransport in rabbit kidney proximal tu-
bules. J Clin Invest 90:211–218, 1992bridizations are included in Figure 7. Interestingly, in
10. Giebel J, Giebisch G, Boron WF: Angiotensin II stimulates bothadrenalectomized (ADX) animals on DOCA, dexa-
Na1/H1 exchange and Na1-HCO32 cotransport in the rabbit proxi-methasone does not enhance the mRNA expression of mal tubule. Proc Natl Acad Sci USA 87:7917–7920, 1990
11. Kinsella JL: Action of glucocorticoids on proximal tubule trans-NBC-1 (P . 0.05, N 5 3 for each group). Analysis of
port systems. Semin Nephrol 10:330–338, 1990the results indicated that adrenalectomy by itself en-
12. Freiberg JM, Kinsella JL, Sacktor B: Glucocorticoids increase
hances the expression of NBC-1. We suspect that this the Na1/H1 exchange and decrease the Na1 gradient dependent
phosphate uptake systems in renal brush border membrane vesi-effect is either due to the stress of surgery or is mediated
cles. Proc Natl Acad Sci USA 79:4932–4936, 1982via some other mechanisms. In support of the former, we
13. Kinsella JL, Freiberg JM, Sacktor B: Glucocorticoid activation
find that subjecting the rats to sham surgery (anesthesia of Na1/H1 exchanger in renal microvillus membrane vesicles. Am
J Physiol 241:F733–F739, 1982followed by opening of the abdomen) increased the ex-
14. Baum M, Amemiya M, Dwarakanath V, Alpern RJ, Moe OW:pression of NBC-1 (data not shown). Future studies to Glucocorticoids regulate NHE-3 transcription in OKP cells. Am
address this question are warranted. J Physiol 270:F164–F169, 1996
15. Ruiz O, Wang LJ, Pahlavan P, Arruda JAL: Regulation of theIn conclusion, glucocorticoids, but not mineralocorti-
renal Na-HCO32 cotransporter. III. Presence and modulation bycoids, enhance the mRNA expression of the basolateral glucocorticoids in primary cultures of the proximal tubule. Kidney
Na1:HCO32 cotransporter (NBC-1) in kidney proximal Int 47:1669–1676, 1995
16. Burnham CE, Amlal H, Wang Z, Shull GE, Soleimani M: Clon-tubule. Up-regulation of NBC-1 mRNA by glucocorti-
ing and functional expression of a human kidney Na1:HCO32coids was associated with an increase in NBC activity. cotransporter. J Biol Chem 272:19111–19114, 1997
Enhanced NBC-1 mRNA expression and activity in re- 17. Romero MF, Hediger MA, Boulpaep EL, Boron WF: Expression
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